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ABSTRACT

This report reviews and evaluates the Fluid D~ynamics Panel AGARD Symposium entitled "Aerodynamics of H-Iypersonic
Lifting Vehicles" held 6-9 April. 1987 in Bristol, I11K. The purpose of the Symposium was to assess the technology status in the
field of hypersonics after a comparative lull in the past decade. The author addresses each of the papers separately and makes
general comments or. the 5 major topic sessions. The limitations of icst facilities for experimental studlies at high Mach numbers
were clearly evident. New developments in computational fluid dynamics provide possibilities that did not exist in the past. The
reviewver stressed the areas that need special emphasis in the future. The papers presented at the Symposium are published in
AGARI) Conference Proceedings CP-429 and are listed in an Appendix to this report.

RESUME

Le resnt apprt ase n revue eteau csymposium AGiARI) organise par Ic Panel dc lynamnique des fluides. du
6au 9 avril 1987 i Bristol en Grande Bretagne sur le theme'Aerodynamique des viehicules sustent6~ hypersoniques".

L'ob jet du symposium a ieti di valuer lietat de F'at dans le domaine de F'hypersonique, aprs 1'accalmie relative de cette
dernii~e dieecnnie. Lauteur traite chaque presentation separi ment, en faisant des cornmentaires sur les cinq grands, thi~mes
de discussion. Les limitations des moyens dessai mach a~eviS pri~sus pour les etudes expimnentales soint clairemecnt
d imontr~s. Les riecents dievelopperrenrts dans le domaine du calcul en dynamique de fluides ont cr~e de nou)velles
possibilites. Le rapporteur met I'accent sur les domaines qui mieriteraicnt une attention particuli~re it I'avenir. Les
presentations donniees lors du symposium sont pUbliie aU Compre-rendu dc confi~rence CP-429 et clles sont icealement
mentionnees en anilexe au present rapport.
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60th MEETING OF THE FLIrID DYNAMICS PANEL SYMPOSIUM
ON AERODYNAMICS OF HYPERSONIC LIFTING VEHICLES:

TECHNICAL EVALUATION REPORT

by

Seymour M. Bogdonoff

Princeton [IniversitV
Department of Mechanical and A, ospace Fngineorin

Gas Dynamics Laboratory
Princeton. NJ 0R544 USA

S urmary

"Aerodynamics of Hyi-personi i i. fting Bodies" was the topic
of the 60th Meeting of the Fluid Dynamics Panel of AGARD, held
in Bristol, V.K. in April 1987. The status of work on hyper
sonics was revealed by the many good papers on high speed
aerodynamics, but only a very limited contribution to key areas
of hypersonic flight. The I imi tat ions of facilities fom
experimental studies at high Mach numbers and the emphasis on
computation versus analysis was very noticeable. The Reviewer
summarizes the papers, comments on the overall proglans, and
makes some suggestions for further conterences in the area of
Hyperson i c Aerodynami, -s.

1. INTRODUCTION

The 60th Meet ting of the Flui, Dynamics Panel was held from the, (Ii) to th, 9th of April, 1987, in
Bristol, U.K. The main topic was a major symposium on tIe. "AItodyim, -s If llvp s,,ni( clifting
Vehiloe ," which took place in the f:rilit i-s of Bristol Pniversitv. The progrim .. miniitt, , ,
Append i A, developed the following theme:

"Through the post Apollo reduction of the space effort in
the lISA and most other western ,ountries, tile suhbjoet of
hypersonic aerodynamics has been neglected in favor of more
pressing needs in areas like t ranson ic ae rodynamics. New
developments on both sides of the Atlantic place toth the
facilities and the qualified personnel for hypersonics in very
strong demand again. This is mainly b,,-use of the r,.n,w,d
strong interest in space applications such as space stations,
atmospheri - raing, reent r v'hicles, Irans.it mospheric

aircraft, etc.

This meeting will revijw the work of those e ntr-es that
remained active in the quiet years of hypersonics, and will
discuss the new siope of app.it at ions. In partirular, the
topics of the meeting will include simulation methods, measure
ment techniques, lifting body ;ieiodynamics, rontril surfaces,
plume flows, propulsion devices, missiles, and vortex forma-
tion. The high supersonic speeds dtown to Mach numbers if 2 and
the transitional regimes between continuum and free molecrile
flow will also be included."

The symposium covered four days, including a half day of tours at oith,,r th, Rnlls ,,.. Ir
British Aerospace Facilities located near Bristol. The Symposium was organized covering five major
topics:

Session I Facilities
Session II - Experimental Investigations and Techniques
Session III Propulsion
Session IV Computational Fluid Dynamics (CFDP
Session V Vehicles/Tlsign

The full program is given in Appendix B (Paper *13 was unfortunately withdrawn). The Pr,,pulsion
Session was quite brief with only four scheduled papers (including the one which was withdrawn>.
The Computational Fluid Dynamics Session was divided into two parts: the first focused on viscous
flows, the second on inviscid flows. The session on Vehicles/Design was also given in two parts:
the first concerning waveriders and flight mechanics, while the second part pre'sented the data has,-
established by the groups at Wright-Field in the USA, British Aerospae in Bristol, ILK., and RAE at
Bedford, U.K., as well as two presentations on major current projects, Herme's, AMD BA, St. Cloud,
France and HOTOL, British Aerospace PLC, Bristol, I.K.

2. GENERAL COMMENTS

The planning and organization of the meeting was verv well undertaken. The timing of the
meeting was particularly appropriate and, to the author's knowledge, was the first time in many
years that AGARD has had a meeting devoted to the topic of hypersonics. The attendees covered a
wide range of background, experience, and age. There was a small group, generally physically
defined as "white-hair or no-hair", who had worked on the" programs of hypersonics diaring th#' 19';o's



and 6 0's. The-e was a much smaller group of people who have worked on hypersorics during tlb last
fifteen years. There was a sigrificant group of younger people who are now deeply involved in
hypersonics, but have had only limited exposure time and, in some cases, not a very good knowledge
of what had talien place in the major programs of th, past. Trhe Symposiun provided an ,xcel l-nt
vehicle for "mixing" of the attendees. The program, as defined by the "There" of the meeting, wa
very well organized, but snowed a clear influenc, of th, signifi fi,at hiatus of rcsearl: in this

field over the past fifteen years. There were many excellent papers in the high speed aerodynamics

;rrea, but rather 1 imited contribut ions whi, h were focused on key prtobl,m ,if hyp.r;orni - f] ight. The

limitations of facilities for experimental data at high Mach numbers and the emphasis on computation

versus analysis was quite striking.

In the following sections, brief comments about the papers in eah session are presentd,
followed by some general observations. The Technical Evaluation Report continues with conclusions

drawn by the reviewer, including comments on the need for a hypersonic "overview."

3. SYNOPSIS OF THE PAPERS

3.1 Session I - Facilities

The four papers in this Session were primarily concerned with discussion of hypersoni, fr, l
ities. The first two papers were surveys of the facilities in North America and in Europe.
last two papers were concerned with two specific facilitits.

PAPER 1. WITLIFF surveyed the current state of hypersonic wind tunnels in North America and
outlined their general performance characteristics. The current rapability was compared to thait

available in the 1960's and 70's. Most of the facilities were located in the United States with one
facility, a gun tunnel, located in Canada (re activated after some years of non-use). The decline
in the capability was very significant. Two areas were particularly singled out as weak: a) high
enthalpy facilities, primarily for the study of real gas effects, and b) high Mach number, low

density facilities aimed at the p oblems of the high altitude flight regime. Th- typical charts of
Mach number -s. R.yaolds number, and velocity vs. altitude for possible vehicle flight pathis wir,
shown and compared to the availablte capacity to demonstrate th, clear lack of ability to duplicate
significant regions of hypersonic flight.

PAPER 2. WENDT presented a review of the facilities available in Western Europe. He startd
with a review of the requirements, which was an important contr ibution to the perspective ,f the
meeting, and then went in to discuss the Present situation, the gaps, and some suggestions for
future facility development. Wendt pointed out that, in the Mach number 6-12 range, Mach number-
Reynolds simulation is probably adequate. In the hypervelorcity region, real gases are import ant,
and chemical reactions become a key factor. This requires the duplication of tire dimensional
variables of density times length and velocity. In the rarefied regime, the effects of mean free
path become important. He also noted the effect of wall temperature to freestream temperature
ratio, which has an important effect on boundary layer thickness and the state of the, boundary
layer. He referrerd also to requirements, tirat were detailed more than a decade ago, which have not
been satisfied by the work over the past decade. He pointed rt tire deficiencies in the rapabili
ties at Mach numbers above 10, particularly the velocity enthalpy limitations of current facilit ies

and the need for "quiet" fa( ilities for boundary layer studies.

PAPER 3. CONSIGNY, PACOU, PAPIRNYK and CHEVALIER discussed the reconstruction oif the ar, heater
for a hypersonic tunnil designated as R6CiI. This tunnel, whi ch was operational many years ago, has
been shut down for some time. The detailed re-design of a new heater, which would proxicie a
significant capability at high Mach numbers and high rithalpy, was discussed. The operating
characteristics of this tunnel and the requirements for the flight of several vehicles, particularly
Hermes, show that some significant part of the flight path can be duplicated by the proprsd
facility in the Mach number range of about 12 to 20. This tunnel, which is designed to operate up
to 50 bars, would operate at a level of about 50 megawatts and would provide test times of several
seconds, a set of characteristics which would enable a significant contribution to the data base for
hypersonic flight. A new heater will probably generate a considerably enhanced flow quality as
compared to the heaters of the past, but the flowfield details have to be examined with great care
to assure that this flow quality is well defined.

PAPER 4. STALKER discussed his extensive work in the application of the free piston shock tunnel
in simulation of real gas effects for hypersonic flight. lie emphasized the simulation of stignation
enthalpy and the binary scaling parameter. Based on his extensive experience, he discussed the free
piston reflected shock tunnel and the limitation of this facility's testing time with enthalpy
increase. He then presented some exploratory data. He showed how to avoid the limiting radiation
loss by considering a non reflecting mode which allows higher values of the binary scaling parameter
but at the cost of considerably reduced test time. The non-reflecting mode, with prior steady
flow developed, opens new possibilities for obtaining data in an area not here-to fore explored. -He

gave several examples of data obtained in this region, and also discussed a method of simulating the
combustion process by a variation of the free piston shock tunnel.

General Comments on Session -1

Although Papers I and 2 gave some general review of the requirements for hypersonic flight, the
discussions were primarily concerned with full simulation of flight conditions. Paper 4 had a

somewhat more limited view, but none of the papers considered the partial simulation with hilh
resolution which is required for CFD validation and for fundamental understanding of the physics of
the flows. There was also no discussion of the connection of facility testing t, ritual flight
conditions. This is a major gap in the discussion of facilities for the new emphasis on hypersonic
research. There is a critical need for the detailed flight results to check the validation of

facilities. Although this has been done to some degree for- blunt bodies, the Mach number - Reynolds



number - stagnation enthalpy simulation for "hypersonic aerodynamics" is far from adequate.
Conditions of the boundary layer and wall cooling, with teal gases, are areas in which the data is
very sparse or not available at all. The need for this simulation was a major lack in the facilities
discussion.

3.2 Session II - Experimental Investigationn and Techniques

This Session consisted of ceven ppers primarily concerned with aerodynamic studies and covering
a range of Mach numbers as low as 2.4, with some results at Mach 20. Several of the papers were
primarily "technique" oriented, while others present significant data sets. Unfortunately, several
of the papers are at low enough Mach numbers that there is some question as to whether hypersonic
effcts are important. The two last papers considered low density problems in the Mach number of
10-20 range.

PAPER 5. OWEN gave an excellent discussion of the techniques required to carry out turbulence
studies in continuous tunnels in the Mach 6 range. He used hot-wires of both the constant current
ind c]onstant temperature type, and compared the results with LDV studies with significant discus-
sions about particle paths and particle generation. The emphasis of the paper 'as on the require-
ments that must be satisfied to get good data in this crucial area. The paper presents probably the
only discussion of this problem at a Mach number as high as 6, and included discussion of the data
acquisition system and data reduction techniques. It also provided a comparison of data obtained in
the NASA Ames facilities at Mach 7 with the primary results of the paper obtained at the AFWAL
tunnel at Mach 6.

PAPER B. The paper by HUMMEL was presented by HORNUNG. It consisted of a summary of an
extensive series of tests being carried out in the hypersonic gun tunnel by the Braunschweg group.
The tunnel has been in operation since the mid-60's and the current paper considered two key
geometries: a blunt body with subsonic blowing at the stagnation point, and the flow in a corner of
variable angie formed by plates with various sweep angles. The extensive data included pitot
surveys, wall pressure distrihitions, wall heat tiansfers, and wall flow direction from surface
visualization. The psper presents an excellent data set which was c'irpared with computations for
the blunt configuration and used to construct a proposed flow structure of the corner configuration.

PAPER 7. DOLLING and NARLO presented an excellent paper on a unique parameter not discussed by
any other paper in the Symposium. It considered the unsteady phenomena; the shock boundary layer
interaction at a Mach number of 5. Using a cylinder mounted vertical to a wall, the interaction of
the shock structure and the turbulent boundary layer was studied by extensive high frequency wali
pressure measurements and detailed analysis. Particular emphasis was placed on the algorithms used
in the data reduction and the paper proposes a general model of the interaction to explain the low
frequency unsteadiness of the phenomena.

PAPER 8. FOMISON and STOLLERY presented a study of a glancing shock wave turbulent boundary
layer interaction. Detailed wall pressure distributions and surface flow visualization were used to
construct possible flowfield structures and streamline patterns. The effect of sweep and bluntness
on the extent of the disturbed flow and the pressure levels were examined ir detail. T. 11tire
study was carried out at a Mach number of 2.4.

PAPER 9. JAEGGY, KOENEKE and KOERBER described the development of a new ultra high speed flow
visualization technique which was originally developed for the study of transition of hypersonic
wakes. The current extension of the technique permits a repetition rate which can be used for
extensive studies of time histories, as well as holographic techniques. Some excellent examples of
ihe capability of the system were demonstrated.

PAPER 10. RHYS-JONES presented a significant data set on a series of tests of cones at a Mach
number of about 10 in the RAE low density tunnel. The tunnel uses pure nitrogen as a test gas. The
tests were very carefully carried out to obtain results of sufficient accuracy to permit correla-
tions to be evaluated. It provides an excellent set of data in the rarefied region, where Knudsen
numbers are important, and provided the data base for a subsequent paper, number 19, with regards to
computation.

PAPER 11. KOPPENWALLNER discussed a series of tests in the low density regime at Mach numbers
of 7 and 2n in the DFVLR hypersonic vacuum tunnel, VlG, and in the Ludwieg tube tunnel at Gottingen,
for omcwhat higher Reynolds numbers at Mach numbers of about 7 and 10. The paper explains the
problem of determining the pitching moment of vehicles in the transitional range. It used the
shuttle results and a series of cone studies to show the center of pressure forward shift was not
due to chemical reactions, but rather to the combination of free molecular and continuum flows over
different parts of the body. The paper provided an excellent framework to show that studies in the
transitional region are not necessarily approximated by looking at the results in either the free
molecular or the continuum regime.

General Comments on Session II

Several of the papers did not consider problems of hypcrzrnin n,,i- y-i- SLudies of Mach
number of 2.4, without any reference to Mach number effects, although useful in general aerodynamic
studies, were not particularly pertinent to the hypersonic problem. All of the aerodynamic studies
at high Mach numbers were purely aerodynamic, and did not include any effects of chemistry or even
suggested what the effects of chemistry might be. The studies of turbulence at higL Mach numbers is
an important one because of the requirements for turbulence modeling, primarily for computation, and
the results presented are the highest Mach number results known to this author. However, the
effects of chemistry on this phenomena are totally unknown, and the problems of extending the
modeling to higher Mach numbers is in serious question. The new techniques in optics were impres-
sive, but the optical studies must be combined with other measurements if one is going to supply the
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detailed information for modeling the physics and for CFD validation. The unsteady character of
turbulent boundary layer interactions, at a Mach number of 5, was a unique contribution, but the
questions as to how this might be applied in the hypersonic regime is still an open question. It is

a good lead into what should be done with all studies of turbulent boundary layers. The two papers
on low density studies provided valuable insights into the problems of low density flows. However,
the Reviewer believes that low density studies at low Mach numbers are not particularly appropriate,
since all of the flight paths which are being considered have very high Mach numbers in the low
density regime. The aerodynamic studies of the present investigations are good initial studies, but
must be considered in the light of chemistry which takes place at the real enthalpys of high Mach

number flight.

3.3 Session III - Propulsion

The papers in this Session were concerned with a limited view of hypersonic propulsion,
probably because of the AGARD classical division of Aerodynamics-Propulsion. Unfortunately, Paper
13 was withdrawn. The three papers presented covered widely different areas; an historical prospec-
tive of ramjets, a mixing problem, and CFD studies of inlets.

PAPER 12. WALTRUP gave an excellent historical prospective of the subsonic combustion ramjet
and its limitations at low speed (no thrust), and at high speed, poor performance above about Mach
number of 6 (inlet performance and chemical kinetics). With supersonic combustion the high speed
end of the performance can be enhanced and the addition of an ejector-ramjet is a possible solution
to the low speed problem. Mr. Waltrup's discussion was limited to a Mach number of 3 to 6-7 range
and he noted that computations were of some help for the inlet and nozzle flows, but could not
handle the shock "isolation" section nor the combustion region and there was little data available.
He particularly stressed the need for turbulence information for the supersonic and hypersonic

flight condition, pointing out the particular importance in the effects on wall shear, heat trans-
fer, boundary layer characteristics, fuel injection modes, and chemical kinetics. He stressed the
engineering design data base requirements for the very low speed problem associated with take-off
and for flight above Mach number of 8 where the data base is very sparse, or non-existent.

PAPER 13. The paper by EDWARDS, SMITH and CARNEGIE was unfortunately not presented nor was a
copy of the paper available.

PAPER 14. SCHADOW, GUTMIARK and KOSHIGOE presented a very interesting paper on the fundamental
fluid mechanics of elliptic jets versus axially symmetric jets with particular emphasis on the
mixing characteristics. Analyzing results at Mach numbers of 0.15, 1, and 1.3, Schadow et at.,
noted the enhanced growth mechanism of the elliptic jet. For supersonic underexpanded flow, they
also noted that the three-dimensional shock structure was probably part of the mechanism enhancing
mixing. They propoqed that, linear stability analysis to the contrary, the elliptic jet provided a
mechanism for enhanced mixing at higher Mach numbers. Unfortunately, the support for this statement
was not available in the form of experimental data at higher Mach numbers.

PAPER 15. KUMAR presented state-of-the-art computations on supercomputers of complex geometry
inlets in the high supersonic range (Mach number 4-7). He presented results of parametric studies
using quasi three-dimensional applications of two-dimensional codes, and then a complete three-
dimensional study of a specific two-strut scramjet inlet of fixed geometry. The calculations
included an assumed algebraic turbulence model and "verification" of the compntat ion ,4ere based on
comparisons with limited pressure distributions. The experiments used for verifi,ation were all
limited to Mach numbers of less than 7.

General Comments on Session III

The papers of this Session were primarily focused on what the present reviewer considers the
supersonic regime. There was little emphasis or prospective on the problems of propulsion at high
Mach numbers. The special problems of high Mach number flight including inlet geometries, boundary
layer characteristics, mixing, and chemical kinetics were not covered, nor was there much in the way
of projections from the present "low Mach number" results. Separation of propulsion and aerodyna-
mics is not possible at high Mach numbers because of the requirements for integrated design. The
inlet can not be considered as an entity since most of the forebody of the vehicle is part of
the inlet. The inlet requires an integration of the aerodynamic forebody design to give the
conditions at the beginning of the inlet. At the same time, if air breathing propulsion is to be
considered as part of hypersonic flight, the propulsion system has such a large influence on the
aerodynamic design that it probably has to be considered in the initial aerodynamic design and as an
integrated part of the overall design.

3.4 Session IV - CFD Part I - Viscous Flows

The importance of CFD and the many different approaches being developed for hypersonic
aerodynamics was the major focus of Sessions IV and V. The papers grouped in Session IV are
primarily concerned with viscous computations, with the inviscid computations grouped in Session V.
There are, however, several papers which consider both approaches. The papers in Session IV
demonstrated the wide variety of appr-narh' and nhilnsphy covering current Krid genviation proce-
dures, finite volume, space marching as compared to time marching, real gas effects on laminar
flows, full 3-0 hypersonic developments, and a comparison of inviscid versus viscous computations.
Almost all of the computations were compared to some sort of experiments, primarily pressure
distributions, but including some heat transfer data.

PAPER 16. RIZK, CHAUSSEE and STEGER considered an efficient numerical hyperbolic grid gener-
ation scheme applied to a three dimensional lifting configuration. They used the Reynolds averaged
Navier-Stokes equations integrated through a time dependent factored procedure. Results were
compared to the windward side pressure measurements on the shuttle at a Mach number of 7.9 at an



angle of attack of 250. Another set of calculations were carried out on a wing-body combI ,atlin at
a Mach number of 25 and an angle of attack of 50, using a perfect gas with a gamma of 1.2 t,
simulate the real gas at the high Mach numbers. Although they showed that their code was robust,
the comparison with the data available was not extensive, with the usual check between the measured
and predicted pressure distributions being quite reasonable. However, critical measurements of heat
transfer were not available for detailed comparison for, the shuttle, a-d no data is available for
the wing body computations that were made.

PAPER 17. RIEGER used a somewhat different approach by looking at the ideal gas laminar
boundary layer using a space marching technique in the viscid and inviscid PMS and Euler codes.
Good agreement was again found with the pressure distributions on a hypersonic compression ramp at
Mach number 14 and in the supersonic conditions of a half angle cone at high incidence, at a Mach
number of 8.

PAPER 18. AUPOIX, ELDEM and COUSTEIX presented an excellent paper on a very well defined
problem of hypersonics, the sensitivity of hypersonic boundary layer calculations to assumptions of
the real gas effects. They examined the sensitivities of important parameters to real gas mode-l
ling. They used first order boundary layer equations with the pressure distributions given by
Newtonian flow. They calculated tht- windward side of a hyperboloid body of revolution, examining
the Mach number range from about 9 to 28, simulating part of the re-entry phase of a space shuttle.
They found that the wall temperature effects were more important as the wall enthalpy increased and
were more important for noncatalytic walls vs. catalytic walls. They were also more important at
the end of the re-entry corridor, that is, at low velocity, than they were at high. They presented
very convincing computations of the effect of catalytic vs. noncatalytic walls for different species
modeling, and also demonstrated the effect of the conditions of the stagnation point with dif
ferent Lewis and Prandtl number assumptions. The results showed the sensitivity to the physical
phenomena and a lack of sensitivity to some of the chemistry modelling and to the values of Schmidt
and Prandtl numbers that were assumed.

PAPER 19. RIEDELBAUCH, WETZEL, KORDULI.A and OERTEL presented a very well developed and metlod-
ical approach to the development of computational tools for 3-D hypersonic flow problems. Their
approach covered both the continuum region using th,- Navier-Stokes equation (integrated, time-
dependent), while the low density flow problem was simulated by approximations to the Boltzmal
equation. Their approach was to use ideal gas initially, adding real gas effects later in the
development. Of particular interest was the Direct Simulation Monte Carlo method which they
preferred to the Molecular-Dynamics approach because of its computational efficiency. Several
examples were given for typical blunt nose configurations for the continuum solutions and the flos
around a circular cylinder for the low densiy calculations. The low density calculations were
then extended to a typical blunt nose configuration. They stressed the need fur experimental data,
particularly at high Mach numbers, for val'dtlon of the future computational approaches which will
add real gas effects.

fAPii 23. N-., dad Rik.lAtd) carrled out a very interesting set of numerical experiments of the
hypersonic flow beneath a cone delta wing combination. 'hey solved the compressible Navier-Stokes
equation using very fine grids and an assumption of "local conicity", an assumption which has yet to
be validated for high supersonic and hypersonic conditions. Again, the computations, when compared
to experimental pressure distributions, appeared to be quite good, but the accuracy of the heat
transfer calculations were not as good and 1, n .... - with increasing angle of attack. The
authors showed a very interesting comparison between their viscous calculations and the result of an
Euler cunupaition fni thc s.me configuration. Although the authors roted the luit- different
flowfield characteristics for the viscous flow as compared to the inviscid flow, they made no
attempt to determine the sensitivity of the flowfield to the viscous modelling assumprions inherent
in the Navier-Stokes solutions, simply stating that the effects were due to viscous effects.

General Comments on Session IV - Part I

The papers in this Session demonstrated the power of CFD, but spotlighted the limitations which
are primarily concerned with viscous modelling and real gas effects. The experiments required to
validate the computations are clearly not available. Pressure distributions are not critical tests
since all computations appear to give good results in this area. The lack of detailed heat trans-
fer, skin friction, and flowfield details limits the ability to critically evaluate the computa
tions. Even laminar computations are not adequately validated on the basis of current experiments.

3.5 Session IV - Part 2 - Inviscid Flows

Part IT of the CFD Inviscid Flow Session consisted of four papers. The first three were
primarily concerned with the Euler equations, in either approximate or full form, and methods
including real gas effects and the evaluation of these effects vis-a-vis the perfect gas approxima-
tion. The last paper was much broader than the Session title implied, and covered a review of
the NASA-Ames work on aerothermodynamic research covering both a description of the facilities and a
brief outline of the many research programs which have been underway for many years.

PAPER 21. DAVIS and BLOTTNER presented a v-,,, 4reresting paper on their attempts to obtain an
apprc .imate solution of the Euler equations for particular application to the hypersonic flow over a
blunt body. They used a spatial marching scheme and the Vigneron pressure gradient approximation in
the momentum equation in the direction along the body surface. They compared their results to the
complete Navier-Stokes solution and found reasonable agreement. Their approximation solution, when
completed, should be much faster than the usual time-dependent code solution.

PAPER 22. PFITZNER and WEILAND discussed their three-dimensional Euler solutions for hypersonic
speeds, covering the range from Mach number 4 to 30. They worked with both the steady and unsteady
Euler equation and their formulation used a fitted bow shock, but they captured the imbedded shocks.



They included real gas effects through equilibrium c-hemistir and- th ic.'h celcecltcii- it- I imt-c to thI,-
continuum regime. A cal-u lat ion us i rig IdealI gases, w IthI gamruns cf 1. 11nrd 1.2, e-re coffljac I-] ft

,-eal gas calculatjins using the "effect ive gamjma" techniqiue for tit, sealutio ofci the full ,'qu;tlionii'

of a blunted cone at about Mach number- ef 15. They Usl-d a ge'nerial i- c-ctc-iliat ic-I ,f ctit tearid

temperature dependent specific heats. At low Mach numbers cI f 4 tee G , tIt,\ fecund lIto 1'c-al gie.

effects. At very high Mach numbers, they found that t he pressCure iI tce tl'. it~iclt lol i pint wais 1-1

affected by the di fferent approx imationls, hut the pre-ssut-'s bark oil t tie modeel 1tIte liitciii d c-cue,

were off by as much as 50% from the equi librium I a]( cubit tins when c ale i hteid using iii ", ff--c I

gamma" model. Their cale-ulat ions seemed to indicate that this I t ihniqcuc' cannot lic uis-I whc-ii tic-re-

are strong gradients. The steegnet ion temperatutre wits overestimate 'i ty I :io% using dc-alI Cci'.c.-cci

tions.

PAPER 23. HILIFR discussed his ,iempu tit tion o, F floew past c-on iI ia I hype-r soerti I t19s cIIc lit, -c

second-or-der Gudonov met hodl I Prifiir It l rie cncipx if Itic hepaper Was i%i ci Iat It' fcut 'I-t cI 1-i cI

He applIied the EulIer equnt ion tii steady -oniii'iI Flcews :11d ;ipl Icl his SocI [t I Ii Io~ r4 f Ic-i1 11; Itci

Mach number of about :3. 5. Al though the i-alilt ions Wert, (,Arlried out usilig tiI , illcr-c uItat lorl,-
should be noted that 81t t uih Euler calc-ulat ionus include- at 'riiumrrc 1 -l c -i l cI-c

pseudo boundary layer in supposedly invisecid cccleulatcccns.

PAPER 24. lE [WERT pcrese-ntecd ;I gc'iraccl r'v ic-w cif ic-rtccIccrmcidvrcamics res-eith d NASA A(I ic-s.I,-
program, whichti has been underway for- many years' I s (if sI ign I f IcIeit magic I

t 
eIcu- eu-i ccc s I-S 1 -lk icc--I

missiocn arid Iconcept studies, 2 Icimputatt IoalI ac-rccther-mctvirtiI flci wficIc c icic cldc- 1,pt i-tiic 1

thermochemical ion--equilIibr1im react I ng gas motelIs, aind -4 icicl vi, _I.,-c rI c~ .[Ici -\j-
lit ter area c-icp-ed thc major shotck t tihes, hill l ist I, c ciigsc rd ;% 2. i, Ii . jivIc-r ccii ti wil, trid ,

which has, in recent years, been bcrcughit leack it II, oet at iccic The cciivriccc -iis iionint -iii-II
studies part icularly focussed on thi- [pctc'rn cil ccf :clii( ilssis~t 1 ic-c ! iccicl rih incc thic

opierations in planetary missions liv using licet ci, Iici i,-Ic-f'--l , Iii, pldu -1t h'. Pii c/inp I II -c,- icc -- c

were all inc-lucdedc. Th- xticisivic- fcicgram ir or cipuit;,tcii cci c necnil ~ cc~ h.5 icc - 11' 1c
soci cI cit noI' I htec-..cr Ipics,,uIIc'I, Nc cc I I cct kc . cc teq a ccIll, t ie Icarcitic cI cIe Nic1licit ok , , N de c-c- 1 iS ,

Iter icciunciacc laverd, arid v isiccus siec k layertip aceIcc malt lclls . FcIr itc -cc it I )ii NaJ Ii com~c-

apli ic-at ions whichI ar e -imres maii Ia Itrust re ,-il gas cc-flIc. t I tI I ,i, 14ic ccc I c- , cIt,!c i l itc , i . t-It
ecto I Itci b I- u , arid racliai t i e tI ;ciris picrl t, I o i cr frin p crmieci. (itit I cis - t I !- mo-t i-is cis-cl iii

appI Lccit ini were cetac 1-c1. Their cri c cci curndt j iibriii - ni, Icclc- I N iii lni ciciii ccI, '! h Ii l Ii i
is a signieficant element fir- cer- high ste- l ighrt plcii-it'. The 4es' c 110 loti ccJ Iic,-,[-Iiccic

[iiigills aindi thic faeci lit cvs lit< uc icic :i hr ic-I ijiecssion icf zi nowi f'! ijclt c-hceiim. ii? ;, 1ii I hc Al-i

Aecri assist El iglit E,:-c ci Irrncl tc wic ,h is t;IlIainet to iiibc iIgh ;iIt itidl-, Ihull0 \'clii I- I li , t -t n- hii

t, ii yv ricicle qu I I i1 truim c cinch t i ciii. Tic Sit-i' i-iI tric-et , cr ith I cIIii %cit ( I% o 1 hi ii c, A , r - i- - --c-
wtIll providle tiew diit cit a c ccgccl where- soct cliiia is, c,-crc v cc e

Giciceral Coimmentsc on Session IV, I',- I 2I_

iiimpcut it I rits us ing ice F01it , dcccit ilis shcutit Ic tiiIC-clc cti%, cic. ciiicdIcn oeiisci
"Nuir;iccal viscosity" is .ii in rilI- !, Ic cli c tithc Ii ca I i Io n c I t, c i tI I- h.- f,. f , )f 1- -

cIs- cie-cr ly dtefined-c. The- cit, hisicir cit reil gas c-ff-ts, ticelgi ciicicplcpcet h.

shows signi ficant effects li manyv - isc-, it high cMach iccmicci . Tiic - us- f fIi' Ecci cc -ccc' - 1
been driven by the fact that :iey are mciil h faster than silcit ccIi o i t II %icc ci -,c tI ckis ,-dciii t -cbs

the use oef atcpr-oximat e FulIer- solut In atre t. ic-%ol faist' Cclt - iiPniiI II iitiitiI tcccii I ci -" - U lci .ii1tjc

Ilonis appeaLr tc ice beyo-ndic til' cil, i h i It I ,tti if tIt- eccc teet hic ie ,s., Th' i1. lit ot p i i m oi' V; A\ -in.m-

proidi~e a wide range of impor-tant studies fier liivcrselif II ght .

3.6; Se55 CCIIl - V-_tile. i-vsDccsign__Pct I Wci. U iier i arce El igict '~ehci

Ticc fiv' [Calc-rs if this Si ssicin iiliictiil tlr cc , "( Ii -icld "w it 6c.v- i -I It'tI l-ii c m -I'

celcie-les capture fill- hoew shoc k as rpart cof flc e-cltIsicc 1 i 1 1c cOcS, Ii,- I ft ,iii-I fc -nit tc' -i cIi

I fl. The las t twoc pcapers were icince(r nocd with liii' ci c cs rilnd , cii icc? ,I , Vci ti ,:Il CiMlf.!?-
geomescctest It should alsoc be rcct-'e that thee Inist I lt e p~aper - cit ticis si-'Asicii disc cj

1
-- iS ii - "

iricthccic of comutat ion, sue-h iis the integral Louindcarcc ijve-icrI %oiwt circear il'Ice> icii cI. sc, Ic-I'l ;itt
to the Navier- Stokes and Euler, seclut ions of ear Il ic se-ss ions .

IiAPER 25. GANZFR cind SZOflIlICH pccsentcvc a-nv,r en? -rc-st iiig poicei ccct li tc~ at i lip con the- c, ict-

formalt ion of cdel liae docuble del ta and wave r ide-r icenfigurat ions. tillfr iiIta cli - lie ~I ccl II
l imi ti- t Ice ,upersonwii spe.-t. The ce terisivpce c'pf-imiir l hI [i i :7 e.l 1.,i :was i %I' I-ils ccri !i I.e " i Ii1:11

if vecit icral flows on dielta wings, with the experiments being carritell out At Cr Oriticici. f;iMli'i Ic
arcil NASA Ames. The cud les i nclouddc many surface floiw v istial I cii i c adua I'ilif i- 'hicic ccI'

studies by vapor sinneen/laser t-i-hrricues. The authoers creipiesid a v,-ec e'to cled i icess ificat i cc i
the flows on the basis oef cseparat ion"e pat tiis from thte sicitfe- C silcl iciah in. Tite tzcii t~ciCib

izact ion [patterns bus somewhat limited pihysical rat ionale, lin ttc- Rieiewcics copinon, re. ic'isc- if lIcc,
oif undlerstainding of the sensitivity of the technique ande the lack cif infrifct cocii tue, tlli li% c-f

the vort ieal flows which are generated. There are also qjuest iens of Reynolds nuimbler -ffi Isz a-1c
loading edge details, but c-lie paper cilearly presented on ocIcelI ciew ci thIle -iilsitc- lice
flowfields generated by such bodies.

PAPER 26. LONG considered a very important parcimeter of hypc'i scinic wale rtei wc ,I1Ich [ccclii

tally has significant applications to hypersoniic flight. Aeret hermecvicc ticat inrg, Ipr-et vlsior
nte-gratiuon , and oeff -des ign pecrformaince hrive not been invest igrit cc in iciy grti-ct dep';t h.- I ccicg

concentrated on the off--des ign performanc,-, using twoi gener ic waive i der - I he Rasmusse:n ind
Loi-kht'ed flat bttotem cinfigurat ions. His ccile-rlat icns use'd nocnl inear inciscid Eul er c- ociohns, lir
extension of some original work of Jamreson, ai,, Iii- madiue detai led compariseen hptw'e'-n the ceemieilati cull

and the experiments. His computat ions predticted lift draig it in, p it ch ing mioment , cued bi !-t
static pressure distributions. He hopes to iniel icee the ecffects of ac-rot hcrmecehyramu hcat lug.
skin friction, and displea;ent thickness by extending t he code t o soece t tv I e Reyvneeds cci ic

Navier-Stokes equation, with futuire extcensions to real gas itcicsicir.



whi 'th'it sutlsiji it I t IS t Iit l fort ,kiii ftI II I -u 'fYI' I ?s' ty Ii ludtli, lii. Sisuis ifS.''
thtip'stIgtt f1it tdut I-, us trig ft lion1 I tIit'tr 9 i1lf MI . ifojt I ittI i t lI Ii It- liftIiiiitt , Ilit, oit Iliis it , h i t o i tti

that anl opt tmwn vt-hru It"i would liast' hailf vIsi 'irs I rag air'
1 

II; l l' rtssrt - 'I ltg. It I i t ,i -i' Ii "I I I

I t' ut It;t -', I'ar lifti% I i griiiftfia t fSf,'i, t ('1n It, g-iitru of' t"e ' Infigririat it' ti 's I 1

hi t'~t i stilt I, 'til tlvriti, arlt t' f liisyntwtSri, lt' TIt,' -dii 5 iims it'

;oi -11 I'l I6 The tI rst , lut'' lfi"'s u'c l Nt'wtotnt lrn Impatj t ti o v~~x, I h ,nt'' lt I5,' ' i i! I Il

it I ,' 1', t' 'IL ''t lik, 'I i( 'i.i , -, ir t If itw I tl -t 1 'i ii , tf pr'' ,st -s ' 'ii' 'S 1 t I I. -i f' I itt

it 'i 't it'''r~r - It I I (I ' I I ' I it I % t rm ii

fit

tril li -IN It A ari 'I 1 1 t' 1 :1s '4 1, j t 1 1, i1' It I in I, 'i It h, Ii I n -I

d't ~ t' I I' f fI' r's ti s i Itt ' If I Ii i. I r I li ti i' 'iii it' kl it .i 'I ' i t'Iii' 'i It i
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i ons wi th rayv s ig i fi-t s art ion H tt'rsr of the speerl anid simplicity o ,f l' S, ,th'. liit h-is
suggestoed it would probably be the first to cont aini real gas capability. F'inal II N c-Stokirs
soluitions which is the limit of a maiirosco(pic, representation of the cont inuum flow). Navier SI oke-s
rrlc-ul at ions tire limited by effic iency, but so far as the aut hors of this paper were concerned, they
foiinr nto limrit to the ni Iity of Navi-r- Stokes to dupli rate rxper imrrts, exrrvpt iii the transit ion
anid turbulent boundary layer regime. The atol rrs aliso defined a set of c~hal lenges which they felt
wee,' the important areas for fut ur-e '-crh

PAI'' PF .1 F[SItfI? des, r Wbed t he ONxp, rriences rising t he Douglas Supersonic/Hypersonic Body
Pr-rgrrri., S IIAHP, whir-h Brit isti Aerorspace, PLC, was evaluat ing as part of their efforts in the design
oif hypir sonic vehiles. This programri r a very compleN st rurt tute whic-h includes a l ar-ge vaiety of
aeoIvirairi i c predIict i on met hrods for- many di fferentI types of P~roblIems . The P rogr am alIso iino- 1 de-s a
Itr gi' data base, much rrf it noni tfrom shut tIe fl ighits . The t echiique i s a quasi -empi ricol ome.
The operator- picks the specific method that bies t approximnates the available data. Solutions with
S HARP requires ain examinat ion of' the var ious methbords aviilable and compar-isons with the data bank.
Ri it ish fkoi ospace found that user experience, was needed for accuracy, and the data base limits going
runtsid netr the testedtranges or cronfigurat ions whir h aire iii the rirsputer. This is, to the review

er's kniowledige, the first t ime thlat tre rarisferai Ii ty of a major hvper-sonir- code has been evalu-
ait ert

tAPER? 32. HODGES ind WARDI ri i jew- HA's prrrr;rr in genrerat irip, a rlataC base foir missilhe perfor
roarice at high Mach numibers, ani itis use in ass -iing CFD methods. Unrfortuniately, thre Present effort
is l imited to tt low Maob rIinuber range, 2.5 to 4.5, because of the lack orf adequate windi tuninels to
r'xilore thte higher Mach number range.- The ext ensive expe-rimerital srt is breinig compared to sol ut ions
,f Fut er-rides irsing n~pncr- nrrrrbi rig Ir-cliri ques , SWINT. The primary emphas is is to supersonic

missile appli rat i ots arid ext rapiolation if thtese resul ts into ttre hypersonic regime are not pass ible.
Thir \pri merittil prorgrami is lterrig i-atre i d rut in a 3 ft. Y I ft . rootimuous wind tunnel where an
- Xl cr1piret rIrf bodries, ,ront rI s, arid wing combinations are being examrined in a very methodical
ft im-,wr-i There air- preli lis i-rorr--rer ig boiundary loier t t airs it i on wh ir-h, in it t -,si tests, is fixed
,it tie, nise oIf tlit burly ant at thi- leading edrge of wings. -Tierefore, some quest ion exists as to the,
thrrriiitny 1iryir ondit inns which a)re clt-arly turbulent in this Mach number ranve. Comparisrins of the
results of t le EulIeri calculIat ions and some of the experiments ar' presented in detail. Quite
rio-siroa,- r-sul Is ar-e ii

t
a? rnt i in soime r-g iorns, wh ilIe s i gi f'i -ant dfi fferenr-es are noted in oither

e giriris, primarily where v is-iris effec-ts trecirme important.-

PAPER :!:. PEIR IERF and CAUPFNNE gave. Ft review of' the concept of the aerodynamics and thermir
- s-~fli- cf Her-mies, thre Freiiuv pt Proporsat fir a Vt-bir-Ii- tn gointou oirbit inid ret urn. Comparison mnf

t iii- Sltintt It.'Irnd H-mn's 1 1 i ght prorgrams aint gt-nerrt I haraclrt -. ist ics wer-.-ltild The tlr-rmr-s is
ihrrut lii If thr' si ye of th. shirt tle ald is dets igrned tin 1rtd iii Eurorpe.- It , therefore, requires a
-- r-what bet t -r I Dt In'l bet tr-r harndtI i rig b.-r;n ct ri I ir1,s, i n panrt i cu I it-, ,acrrns i rrahln Irwer

;prtii sl red. I. The smal s - i,!e i n,-ceases tie treait I r-asfcr arid stfar i I i t y forrirhIems.- Thre autthors
-sitl I it , t series oif windi tunnel test-, which are being r-rnsidrte', ini-luding r-yoigtniiallyr ,)Died
rrr,'ls to s imolate wall rent ing effects. They idisc-ussed the "model izat ion" using (Ft) which they

-<"I -, s rw r oi rpi-i- tr 1-di,'e It,, r isk if po..r pr,- fl igtl predir t inn anrdr to reduci- thr 'rost of
dies i gri - Tthey also pre'sernted the methondrolrgy iif the dtevel1opmernt which inclIuded twoi fligtht itemorist en
trs and Cr I a frritrrs-l t l i gbt rif Het-rme s iii 199t2.t The nuthoirrs st resse-d t he researcrih rod techlo l gy
nt-rus ind aske-d the- gr-iup tr cons ider a worrkshiop rnear t h,' rid of 1988, spomnsred try ESA. E ight
1pi ('si wt -' sugge-str'rl as important ele-me'nts5:

I iriiijrr ['on rut ' ou-i-rrinti h, re xlri-cit, l'Ffl tun i'nmerit, ;i11 CCI) io CED try
irfhlti ti- iniques,

- -Irw thi- rl~ s nirmi-r- anildrrIi- flows, wliirh waus th rsrlrsVillyrtNS,
-til gais t-ff'- ts whi ch would be studied by the Australians,,

IRoinrrili I aryer crhir-k wave i ritt-rrrt inons wruIrI be t hir rr-srrors ithi Iii t vi of ONFRA,
5 r:orii.-r ftlow ProtilIems to be stuoiied by DFVI.R,
P 1 r',s irt flow,; to tn -ns idr-red try FFA,

7,'hem i st fcv trrh li- carried out by ECD,
Ht T rats it irn trr hi' t he res pons ib iIi ty iof ONERA.

PAPER 34. WAKE discussedt the hypersonic aerodynamics9 foir HOTOL, ac Bit Sbh vehiclre proposed to
fly inton orb it and1 ret urn. Cromparisron oif the Shuttle and proposed OTOI. t rajectriies were dis
iss-i, niotirig that thre re -entry cond!itIions were the critical oInes. The nut Iror discussed the
i nfi-rirriI" t r i rlgle, wh ir-h l im it ed t he range o f poss ib ili t ies frir such a vehiclIe. The elements, a)rt-

I trim, 2) r1155 range requirements, arid 3) heating limitations. The proposed FIOTOT. program is
tit rntty in ai two- year study phase which, if successful, will lead to a five year e'nabling tech-

tirrrrg,, Pirogram trr opt imizve the design for possible flight in 1998. The present conrcept uses a
lint r1ri W i tie rt-Cithi ng systr'm (which was riot disciissr'd fir Matc-h numurber up to about F,, anid then.
,,,rirver ts to rocrrket propulsion. Wind 'urirrl te'sts of inlets at' i-or-rent ly being -,arried rot at about
ti M+ir-h nniit,'- rf 'I. Tlrt aiuthorr raid rail the arrrurlyiri tcci hrirr cgy r-rjuirr-men ts as they were
i-or rot lv seer, i birth thep contirruurm and rare-fie-d flow regime, noiting the regions which needed major
wrk fur sint'essfrrh r-rmplr't ion rif thi' proigrami.

PrreaCroments on Session V - Part 2

Tit'- paiprs of this sess ion began to disciss the real problems of the design orf hypersonic
%-li it'- Tir i s reqo irest at , rim iinnt inn of aerodryrnmics, heat trarisfer, rlinamii-s and control, andi

i o 1, iii . The morst sophiscrrtert codes of the researc-hers were no longer appli cable, and the- more
'-isij ly use-d arhrrrrximate methoids, wliirh hart some validlat ion in diata sets, provided thep realism needed
fire- isgn. G'roundt tests, flight tests, simulation, and complutati~n are all used an even then, not
sufficienit, well establishedt bases fire ~sign arc really ava ilIable . The dliscussioni of real vehi
- Ii's, -;rrtn ) i s HIMES atnd tIOTOL., (~- I e le dminstI rnt n-I thr- rin ia I eng ineier ing delt a i I s wh ich are
nt't'dt' fire the dies ign of siuch vphi, i-los-



1. REVIEWERS CONCLUSIONS

The Symposium on "Aerodynamic of Hypersonic Lifting Vehicles" provided many excellent papers,
although only a few were focussed on "Hypersonics" rather than "Supersonics". This is probably a
very realistic view of the "state of the art" as of 1987. There were noticable gaps in the material
presented. Particularly important was the lack of high Mach number high enthalpy experimental
data, and hypersonic boundary layer studies. Both of these could be due to the lack of facilities,
operational in the hypersonic range, over the past decade. There was also a noticeable lack of
analytic papers, but a wealth of papers on computation. The major analytic studies of hypersonics
of the 1950's arid 1960's seem to be either, unknown, or unused. They could be significant factors in
extrapolating the high supersonic area studies to hypersonic conditions.

With regards to the facilities, there was very little which seemed to be connected with the
problems of hypersonics, as we see them now, rather than attempts to resurrect facilities designed
thirty and forty years ago. Although many of these facilities would be useful for testing, there
are serious question as to whether the problems of hypersonics are the main drivers for new facil
ities and new concepts of experimental studies. An exception to this statement is the work of
STALKER in Australia. Clearly, facilities and the ability to get crucial data will be a major
limitation to future progress. The discussion of facilities seems to be primarily based on attempts
to get fill duplication of hypersonic flight conditions. The reviewer suggests that a more useful,
arid perhaps practical, effort would be to attempt to simulate key elements of hypersonics and try to
provide information on the fundamental physics, data for modelling and, most important, data for
computational validation. Many opportunities in this area are within reach.

The reviewer was concerned about the lack of emphasis oil hypersonic boundary layer character is
tics. There seemed to be little in the way of fundamental work on boundary lavers. Problems of
transition (initiation, characteristics, length , wall cooling effects, effects of gradients and
three dimensional flows, and the effects of chemistry on "aerodynamic" boundary 1 ryer data and
calculations are important elements of hypersonic design. There are major questions on how the
expiriments arid knowledge of low speed and supersonic boundary layers can be extended to hyper
soriI s. The problems of turbulence modelling, for both boundary layer and shear layers *a key
e.lement ln mixing problems for combustion) did not seem to get the at tent ion which the reviewer
felt the area warranted. The problems of real gases, nit only for- calculations but to evaluate the
effets on tle boundary layers, was attempted in only a F'ew papers. This effect, and the problems
of low density, were only a small part of a present program and should command major attentiot, ir
the rear future.

Although there were several papers on -onfiguri'tions, !he real problem of hyper sonic \-hi(
design is the integration and interaction of the polar plant, heat transfer, aerodynamics, stab-
litv arid (ontrol, arid materials and structur's. Thes' ;t at tI on l inter liti e in Itiprsooi
vehicle design. A f,'w of the pap,'rs began to approach this problem, but ornl y th real vehio l,
lesigners are foire d ti f ,- this total integration, a unique anid very strong fact or .n th -s
of hypersonic vehicle.

In retrospct, the reviewer believes the program might hav, been helped with a f igri fiart
"tutorial" or "overview" of hypersonics problems. Such all overview-, ould have focussed the at er [ I
on hyper onic problems, os compared to supersonic problems. Some prospect iv? of the past , whait is
known and what is unknown, would have been helpful. S,.veral papers included some elements of such a
perspective, but a major introductory paper might have been of significant help to tho dienss-
groups at the meeting.

Clearly the topic of Hyp'ersorr,- Ae-dyninmics deserves i-nt inuing further at tent ion by the AGAIl[I
community since it will cantinue to be a topic of major oncern to many nat ons. The subjeP t
Symposium provided ani excellent first step in what the reviewer btel ieves should 1' a sont inuing
series of meetings focussed on aspects of hypersonic flight.
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